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a  b  s  t  r  a  c  t
A  numerical  model  accounting  for the  generation  of  electrochemical  noise  by a passive  metal  corroding
above  its repassivation  potential  is  presented.  The  electrode  surface  is treated  as  partially  passive  and
partially active.  The  ﬂuctuations  in the extension  of active  anodic  and  cathodic  areas  are  assumed  to  be
responsible  for  the  ﬂuctuations  in  corrosion  potential  and  coupling  current  between  nominally  identical
electrodes.  Unlike  the traditional  equivalent  circuit-based  approach,  the  present  model  enables  rational-eywords:
lectrochemical noise
orrosion
umerical simulation
oise resistance
ization of  the effects  due  to  asymmetry  between  the  two  corroding  electrodes  in terms  of  reliability  of
the  noise  resistance  as  an  estimator  of  the  polarization  resistance.  It is  shown  that  signiﬁcant  differences
in  the  average  active  areas  on the  two  specimens,  resulting  in a  non-zero  average  of  the coupling  current,
does  not,  per se,  introduce  unacceptable  errors.  Similarly,  asymmetry  in  the  amplitude  of ﬂuctuations
in  anodic  and cathodic  areas,  producing  strong  correlation  between  current  and potential,  is not  critical.
Intermediate  cases  are  more  complex  and  are  discussed  in  detail.. Introduction
When a metal is immersed in an aggressive electrolyte, cor-
osion may  initiate and propagate. Depending on the metal/
lectrolyte combination, corrosion can be generalized or local-
zed. In both cases, metal atoms oxidize at the metal–electrolyte
nterface, releasing electrons in the metal phase, and enter the elec-
rolyte as metal ions. This process can be mediated by the formation
f an oxide or hydroxide layer between the metal surface and the
lectrolyte. If the layer is well attached and impervious to ionic
igration, corrosion can proceed further only at locations where
he oxide layer is, for some reason, damaged or thinned. In this case,
ocalized corrosion is observed. On the other hand, when the layer
s absent, only loosely attached, relatively soluble in the environ-
ent or not impervious to ionic migration, generalized corrosion is
ommon. Thus, in some cases, the distinction between generalized
nd localized corrosion could be relatively arbitrary. For example,
eneralized corrosion could be seen as a very large number of rel-
tively small and well distributed anodic events, while localized
∗ Corresponding author. Tel.: +44 0161 306 5971.
E-mail addresses: michele.curioni@manchester.ac.uk,
urionimichele@gmail.com (M.  Curioni).
013-4686     ©  2013 The Authors. Published by Elsevier Ltd. 
ttp://dx.doi.org/10.1016/j.electacta.2013.04.119
Open access under CC BY license. © 2013 The Authors. Published by Elsevier Ltd. 
corrosion can be viewed as a comparatively small number of larger
anodic events that are less uniformly distributed on the electrode
surface.
When two  corroding electrodes are galvanically coupled by a
zero resistance ammeter, an anodic event on one electrode will
produce a negative ﬂuctuation of the corrosion potential, and a
ﬂuctuation in the coupling current [1], with the sign depending
on which of the two electrodes supports the anodic event. The
shape of the transient depends on the kinetics of the anodic event
and on the product of the polarization resistance and the double
layer capacitance. If the polarization resistance and the double layer
capacitance are both large, the charge associated with the anodic
event can be temporarily stored in the double layer capacitance,
and it will be progressively consumed by the (comparatively slow)
cathodic reaction. On the other hand, if the values of the polariza-
tion resistance and double layer capacitance are low, the charge
associated with the anodic event will be consumed rapidly by the
cathodic reaction.
Numerous approaches have been proposed for the interpreta-
tion of electrochemical noise signals [2], enabling the identiﬁcation
of the type of corrosion [3,4], the estimation of the frequency and
magnitude of corrosion events [4–7] and the estimation of the noise
resistance [1,8,9] or impedance [1,10–13]. The calculation of the
Open access under CC BY license. noise resistance (or impedance) has gained wide popularity due
to the similarity in the physical meaning with the polarization
resistance (at least for uncoated electrodes corroding in conduc-
tive electrolytes) [1,8] and, thus, the direct relationship with the
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observed. Thereafter, the current rapidly decreases with a slopeig. 1. Traditional equivalent circuit. Equivalent circuit representing two  corroding
lectrodes (electrolyte resistance is neglected).
orrosion rate. The noise resistance can be calculated by taking the
quare root of the ratio between the variance of a potential segment
nd the variance of the corresponding current segment.
This procedure relies on the representation of the corroding sur-
ace of each electrode by an equivalent circuit comprising a current
oise source in parallel with the electrode resistance, as displayed
n Fig. 1, and as described in detail in [1]. It is evident, however, that
our unknown quantities are present in the corroding system (two
oise sources and two electrode resistances) for two  electrodes, but
nly two quantities can be physically measured (electrode poten-
ials and coupling current). Thus, in order to provide a meaningful
stimation of the electrode resistance, pairs of nominally identical
lectrodes are used in practice because it is necessary to assume
hat the two  electrode resistances are identical at all times, as
escribed in [14,15]. This is a relatively severe limitation to the
nalysis because, whereas if the values of the two resistances are
dentical, a different magnitude in the value of the noise sources
oes not increase the difference between “true” polarization resis-
ance and noise resistance, if the values of the two  resistances are
ot identical, then a signiﬁcant error can be introduced in the case
f non-identical noise sources.
This problem has been discussed in [14–16], pointing out that,
or sufﬁciently long time-records, symmetrical electrodes should
enerate an electrochemical noise signal with a mean (DC) current
lose to zero and should have a correlation coefﬁcient between cur-
ent and potential that is close to zero. The ﬁrst property reﬂects
he fact that if two electrodes behave identically, the average rates
f the anodic and cathodic reactions on one electrode should be
he same as on the other electrode. On the other hand, if one
lectrode supports a faster anodic reaction compared with the
ther, it will require some extra cathodic current from the other
lectrode; hence, a DC current component will be observed. The
econd property arises from the fact that (in the time domain) the
otential noise is due to the sum of the two current noise sources
cting on the two electrode resistances in parallel, but the mea-
ured current is the difference (in the time domain) between the
wo current noise sources acting on the two electrode resistances.
hus, considering that the two current noise sources are uncorre-
ated, the potential and the current should be uncorrelated, since
he sum and the difference between two uncorrelated random
ariables are uncorrelated variables [16]. Conversely, correlation
etween potential and current suggests that one of the two noise
ources largely dominates the other [16]. In practical measure-
ents, the values of average current and correlation coefﬁcient are
igniﬁcantly different from zero; thus, the assumption of identical
lectrodes is generally not completely validated. As a consequence,
 question on the reliability of the estimation of the noise resistance
s a parameter to assess the polarization resistance and, ultimately,
he corrosion rate has arisen.
A further possible issue concerning the traditional model based
n the parallel between current noise sources and electrodeActa 105 (2013) 642– 653 643
resistances is that corrosion events are considered as ﬂuctuations
in the current delivered by the current noise sources. This implies
that the occurrence of such an event does not affect signiﬁcantly
the value of the electrode resistance [17]. This is unlikely, because
it is common to associate more severe corrosion with lower values
of electrode resistance. More probably, during a corrosion event,
current is generated at the corrosion site, and the local low resis-
tance at the corrosion site is in parallel with the high resistance
of the passive regions, with the overall effect being a signiﬁcant
reduction in electrode resistance [17].
In this work, a model accounting for electrochemical noise gen-
eration is presented where, for a given corrosion kinetic on the
active areas of the electrode, the corrosion potential is determined
by the relative areas of the active anodic and cathodic regions. The
coupling current is determined by the transient imbalance of the
active anodic and cathodic areas on each electrode. Thus, electro-
chemical noise can be regarded as the electrical consequence of
the ﬂuctuations of the active anodic and cathodic areas on each
electrode. By using as an input a speciﬁc dataset, expressing the
time variation of the active areas on the electrodes, it is pos-
sible to evaluate the effect on the corrosion potential, coupling
current and polarization resistance. Subsequently, the generated
potential and current datasets are analysed with the usual statis-
tical methods and the discrepancy between the estimated noise
resistance and the calculated “true” polarization resistance can be
evaluated. On this basis, effects related to non-perfectly symmetri-
cal electrodes, such as DC current and high correlation coefﬁcient
between current and potential, can be rationalized from ﬁrst
principles.
2. Theory
Generally, corrosion does not occurs uniformly on the micro-
scopic scale; at any particular time, some regions on the electrode
surface are actively corroding (active anodic areas), some regions of
the electrode are supporting the cathodic reaction (active cathodic
areas) and some regions of the electrode are covered by an oxide
or hydroxide layer and provide little or no contribution to the cor-
rosion processes. For a passive material immersed in a relatively
aggressive environment, occasional anodic events can be observed;
the life of a metastable pit can rationalize as an increase in the
active anodic area for a certain period of time, followed by repas-
sivation and decrease in the active anodic area. If the pit becomes
stable, the increase in active anodic area is permanent. Thus, at any
particular time, each electrode will have a certain value of total
active anodic and cathodic areas and this value will ﬂuctuate with
time.
The present model deals with a passive material corroding
locally above its repassivation potential, under cathodic control
such as, for example, an aluminium–copper alloy. The typical
cyclic polarization behaviour of AA2024T3 immersed in 3.5% NaCl
(0.6 mol  dm−3) is presented in Fig. 2. Examining the curve according
to the direction of the scan, starting at the open circuit poten-
tial towards the cathodic direction, a cathodic region with little
dependence of the current on potential is observed. At about
−0.580 V vs. SCE, the current rapidly decreases, indicating the cor-
rosion potential and, subsequently, it rapidly increases due to the
onset of pitting. With further increase of the potential, an inﬂexion
of the curve is observed, due to the onset of diffusion-limited pit
growth. When the direction of the polarization is reversed, an hys-
teresis effect is observed, and the current exponentially decreases
with potential up to −0.8 V vs. SCE, where a further inﬂexion issimilar to that observed at the onset of pitting, and changes direc-
tion at the repassivation potential. The detailed interpretation of
the features of the cyclic polarization behaviour of the AA2024T3
644 M. Curioni et al. / Electrochimica Acta 105 (2013) 642– 653
Fig. 2. Simulated potentiodynamic curves. (a) Cyclic polarization obtained from
AA2024T3 in 3.5% NaCl at a sweep rate of 0.166 mV/s (grey) and plot of Eq. (2)
obtained for the values of Table 1 (black). Symbols on the graph relate to the terms
constituting Eq. (2). (B) Experimental data (grey) overlapped with plots of Eq. (2) for
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Fig. 3. Simulated potentiodynamic curves. Potentiodynamic behaviour on a log-
arithmic (a) and on a linear (b) scale of individual electrodes (dashed lines) and
coupled electrodes (solid line) calculated with the parameters of Table 1, except for
the anodic area. Sum of anodic areas: 2000 nm2, 80% of anodic of anodic area on
electrode 1, 20% of anodic area on electrode 2; 60% of cathodic area on electrode 2,ifferent values of anodic area (black lines).
lloy falls beyond the scope of this work, and has been discussed
lsewhere [18]. Here, the purpose is to provide a sufﬁciently accu-
ate and physically meaningful mathematical description of the
bserved behaviour in order to obtain a set of equations that can be
sed to calculate the time evolution of the potential noise and cur-
ent noise as a function of the time evolution of the active anodic
nd cathodic areas on one electrode.
For a single electrode supporting activation and then diffusion
imited anodic and cathodic kinetics, the current exchanged with an
xternal circuit as a function of the applied potential, for constant
nodic and cathodic areas, can be expressed as [19]:
( V) =
exp
⌊
2.303 × ((V − Ea)/ba)
⌋
1/Aaja + (1/Ga) exp[2.303 × ((V − Ea)/ba)]
−
exp
⌊
2.303 × ((V − Ec)/bc)
⌋
1/A j + (1/G ) exp[2.303 × ((V − Ec)/b )] (1)c c c c
here V is the applied potential, ba and bc are the anodic and
athodic Tafel coefﬁcients, Ea and Ec are the respective equilibrium
otentials for the anodic and cathodic reactions, Aa and Ac are the40% cathodic area on electrode 1.
active anodic and cathodic areas, ja and jc are the exchange cur-
rent densities for the anodic and cathodic reactions, and Ga and Gc
are the limiting diffusion currents for the anodic and cathodic reac-
tions. In Eq. (1), the ﬁrst term accounts for the anodic reaction and
the second term accounts for the cathodic reaction. Here, a modiﬁed
form of Eq. (1) will be employed to account for (i) the dependence
of the limiting diffusion current on the electrode potential in the
descending branch of the cyclic polarization and (ii) for the time
variation in the extension of the anodic and cathodic areas. Further,
in order to introduce some simpliﬁcation and to improve ﬂexibil-
ity, the cathodic reaction will be considered only under activation
control; considering that the equilibrium potential for the cathodic
reaction is high compared with the corrosion potential, diffusion
control can be well approximated by taking a high Tafel coefﬁcient
for the cathodic reaction. Thus, the resulting equation is
imica 
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noises obtained for a speciﬁc time evolution of the anodic and
cathodic areas can be used to calculate the time evolution of the
noise resistance (dividing the variance of the potential by the
variance of the current) that, divided by 2, can then be directly
compared with the “true” polarization resistance. This procedure
enables disclosure of the effects of various types of electrode asym-M. Curioni et al. / Electroch
(V, t) =
exp
⌊
2.303 × ((V − Ea)/ba)
⌋
1/Aa(t)ja + (1/Ga exp[2.303 × ((V − Ea)/bdiff )]) exp[2.303 
n Eq. (2), bdiff is an equivalent Tafel coefﬁcient accounting for the
ependence of the limiting diffusion current on the potential. For
he purpose of this work, such a dependence can be rationalized by
onsidering that, although each pit probably has the same limiting
urrent density due to diffusion control, the number and/or exten-
ion of pits varies with the applied potential. Further the time
ependence of the anodic and cathodic areas has been explicitly
ritten as Aa(t) and Ac(t), and a term accounting for the accumula-
ion of charge at the double layer capacitance, Cdl, has been added.
n Eq. (2), the ﬁrst term accounts for the anodic reaction, the second
erm accounts for the cathodic reaction and the third for the capaci-
ive behaviour due to the presence of the double-layer capacitance.
n Fig. 2a, a graphical representation (assuming that the sweep
ate is sufﬁciently slow to allow the capacitive contributions to be
eglected) of Eq. (2) is given, highlighting graphically the mean-
ng of each term. From Fig. 2b it is evident that, by only adjusting
he value of the active anodic area, the model ﬁts well the mea-
ured cyclic polarization behaviour both at the pitting potential,
here the active anodic area is at the minimum, and at the repas-
ivation potential, where the active anodic area is larger. Thus, for
xed anodic and cathodic reaction kinetics, the corrosion potential
s determined by the relative extension of the active anodic and
athodic areas. It is evident that the presented model is suitable to
escribe the behaviour of the electrode at any potential below the
itting potential and above the repassivation potential.
If two electrodes are galvanically coupled, the current that they
ill exchange with an external circuit can be written as
(1+2)(V, t) = I(1)(V, t) + I(2)(V, t) (3)
here I(1)(V, t) and I(2)(V, t) are given by Eq. (2) and represent the
ontribution of electrode 1 and electrode 2 respectively. Alterna-
ively, highlighting the contributions of the individual reactions
(1+2)(V, t) = I(a,1)(V, t) − I(c,1)(V, t) − I(dl,1)(V, t) + I(a,2)(V, t)
− I(c,2)(V, t) − I(dl,2)(V, t) (4)
here I(a,1)(V, t), I(c,1)(V, t), and I(dl,1)(V, t) are the anodic, cathodic
nd capacitive currents of electrode 1 and the remaining terms sim-
larly refer to electrode 2. Assuming that both electrodes follow the
inetic of Eq. (2), neglecting the capacitive term when considering
he potentiodynamic polarization behaviour, a graphical represen-
ation of Eqs. (3) and (4) is given in Fig. 3a and b. Here, each of the
wo electrodes is represented by an individual dashed line. On a log-
rithmic scale, the intersection point of the two lines (Fig. 3a) gives
he current exchanged between the two electrodes at their free cor-
osion potential. The solid line represents the current exchanged
ith an external circuit by the two galvanically coupled electrodes
Fig. 3a). The minimum in the logarithm of the current (or when
he current changes sign) for the coupled electrode gives the free
orrosion potential. From the same curves, plotted on a linear scale
n proximity of the corrosion potential (Fig. 3b), it is possible to
ead the derivative of the potential for the coupled electrodes with
espect to the current at the corrosion potential; this gives the
true” polarization resistance of the coupled electrodes. It should be
oted that in this work the “true” polarization resistance indicates
dV
dt
= 1
Cdl,1 + Cdl,2
{
exp
⌊
2.303 × ((V − Ea)/ba)
⌋
1/(Aa,1(t) + Aa,2(t))ja + 1/Ga exp[2.303 × ((V − Ea)/bdiffhe polarization resistance of the coupled electrodes, deﬁned as the
erivative of the potential with respect to the current exchanged
y the two coupled electrode with an external circuit, calculated at
he corrosion potential of the coupled electrodes.Acta 105 (2013) 642– 653 645
 − Ea)/ba)]
− Ac (t) jc exp
[
2.303 ×
(
V − Ec
bc
)]
− Cdl
dV(t)
dt
(2)
From a numerical viewpoint, the corrosion potential is given by
the solution of
0 = I(a,1)(V, t) − I(c,1)(V, t) − I(dl,1)(V, t) + I(a,2)(V, t)
− I(c,2)(V, t) − I(dl,2)(V, t) (5)
where each term is similar to those in Eqs. (1)–(2). Similarly, the
value of the polarization resistance of the two coupled electrodes
is given by
Rpol =
∂[I(1+2)(V, t)]
∂V
(6)
calculated at the corrosion potential. Further, the current
exchanged between the two  electrodes is
I(1→2) = I(a,1)(V, t) − I(c,1)(V, t) − I(dl,1)(V, t)
= −
[
+I(a,2)(V, t) − I(c,2)(V, t) − I(dl,2)(V, t)
]
= −I(2→1) (7)
In summary, the numerical model graphically represented in
Fig. 3 enables estimation of the corrosion potential and the coupling
current as a function of the relevant kinetic parameters and of the
extension of the active anodic and cathodic areas on each electrode.
Having given an account of the kinetic model, when considering
the time evolution of the electrochemical noise signal, it is neces-
sary to account for capacitive effects. For this purpose, Eq. (2) can be
rearranged in order to obtain the expression of the time-derivative
of the potential. Speciﬁcally:
[2.303 × ((V − Ea)/ba)]
− Ac,1(t) + Ac,2(t)jc exp[2.303 × ((V − Ec)/bc)]
}
(8)
By using Eulero’s method, if the potential at a particular time, V(t),
is known, the potential at the time t + t  can be approximated by:
V(t + t) = V(t) + dV
dt
(t) (9)
The error associated with the application of Eulero’s method
decreases with decrease of t.
In  summary, for a given set of Aa,1(t), Aa,2(t), Ac,1(t), Ac,2(t) and
an initial value of corrosion potential, the time evolution of the
corrosion potential can be calculated by applying Eqs. (8) and (9).
Subsequently, the current exchanged between the two electrodes
can be calculated by Eq. (7) and the true polarization resistance
of the coupled electrode by Eq. (6). Due to the complexity of the
system, an analytical solution is not available and a numerical
approach needs to be adopted in order to obtain all the quan-
tities. The outcome of the calculation is the time evolution of
potential and current noises, and the associated time evolution
of the “true” polarization resistance. The potential and currentmetry on the difference between the estimated noise resistance
and the “true” polarization resistance of the coupled electrodes.
Details of the numerical calculation are provided in the additional
material.
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but the overall estimation is acceptably accurate, with an average
error of 6%. Fig. 6c presents a case similar to 6a (identical electrodes
producing anodic and cathodic noises), with the difference being
that the original ﬂuctuating areas are given by square waves with
Table 1
Numerical values. Parameters entered in Eq. (2) to obtain the ﬁtting of the poten-
tiodynamic curve in Fig. 2a.
Symbol Value Units
Ga 7.18E−04 A/cm2
bdiff 0.36 V
ba 0.0247 V
bc 100 V
ja 8.00E−04 A/cm2
jc 1.00E−04 A/cm2
Ea −0.88 V46 M. Curioni et al. / Electroch
. Numerical simulation
The starting point of the numerical simulation is the genera-
ion of appropriate time-records for the ﬂuctuations in the anodic
nd cathodic areas on each specimen. Here, two behaviours are
onsidered; (i) areas ﬂuctuating around a mean value and display-
ng ﬂuctuations with power-law noise with n = 2, mimicking the
bserved behaviour during corrosion of many materials (Fig. 4a)
nd (ii) areas ﬂuctuating around a mean value with the ﬂuctuations
aking the shape of square waves with different frequency, repre-
enting a sudden increase and decrease in the extension of active
reas (Fig. 4b). The latter simulates a situation where individual
nodic or cathodic events that take place on each electrode gener-
te transients that are individually recognisable in the potential and
urrent records. For convenience, a ﬁxed set of the basic ﬂuctua-
ions aa,1(t), aa,2(t), ac,1(t), ac,2(t) are initially generated numerically
nd maintained constant, such as they have zero average and
tandard deviation 1 over their length of 10,000 points.
From the set aa,1(t), aa,2(t), ac,1(t), ac,2(t), the actual time evo-
ution of the extension of the cathodic and anodic areas on each
lectrode is calculated by adding an offset value, representative of
he average area supporting that reaction, and multiplying it by the
ffset value and by a positive number, as evident from Eq. (10):
a,1(t) =
∣∣Aa,1 + Aa,1 × aa,1(t) × na,1∣∣ (10)
here Aa,1(t) is the time evolution of the anodic area on electrode 1,
a,1 is the average anodic area on electrode 1, aa,1(t) is the basic area
oise signal with average 0 and standard deviation 1, and na,1 is a
ositive number that control the amplitude of the ﬂuctuations with
espect to the mean value. For na,1 = 0, the anodic reaction on elec-
rode 1 does not produce any noise and Aa,1(t) = Aa,1. Conversely,
he time ﬂuctuations in the anodic area on electrode 1 increase
n amplitude with increase of na,1. The absolute value has been
dded to prevent the area from taking occasionally negative val-
es for large values of na,1. All the time ﬂuctuations of the anodic
nd cathodic areas are obtained in a similar manner.
It is evident from Eqs. (2)–(4) that the average corrosion poten-
ial and the average coupling current relate to the average values
f each individual anodic and cathodic areas, while the ﬂuctua-
ions in potential and current depend on the shape of aa,1(t), aa,2(t),
c,1(t), ac,2(t), and on the values of na,1, na,2, nc,1, nc,2. If the electrodes
ehave identically, they have identical values of average anodic and
athodic areas Aa,1 = Aa,2, Ac,1 = Ac,2 and produce the same amount
f noise; hence, na,1 = na,2 and nc,1 = nc,2. On the other hand, devia-
ion from perfect symmetry can be due to an asymmetry in the
verage value of the active anodic areas, for example Aa,1 /= Aa,2,
c,1 = Ac,2, resulting in a non-zero average current, and to an asym-
etry in the noisiness of one electrode compared with the other,
or example na,1 /= na,2 and nc,1 = nc,2, or to a combination of both.
. Results
.1. Validity of simulated data
In order to select parameters that are representative of real
ata, the simulated potential and noise curves were compared
ith real electrochemical noise data acquired from an AA2024T3
lloy immersed in 3.5% NaCl electrolyte. The data acquisition was
erformed by using a Concerto potentiostat sampling the noise
ignal at 5 Hz and averaging 5 points to ﬁnally record the data
t 1 Hz. Unreported evaluation of the sampling method used in
he Concerto suggest that, for the electrochemical noise of 1/F2
ype observed for AA2024T3, the aliasing effects are negligible. The
otential was acquired with respect to a saturated calomel refer-
nce electrode. In order to approximate the real electrochemicalActa 105 (2013) 642– 653
noise data, only the average values and the amplitude of ﬂuctua-
tions of anodic and cathodic areas were adjusted at this stage, with
all the kinetic parameters, such as Tafel coefﬁcients etc.. . . (Table 1),
maintained constant from the ﬁtting of the cyclic polarization curve
obtained from the same alloy (Fig. 2a and b). As revealed in Fig. 5,
with the parameters listed in Table 2, the calculated electrochemi-
cal noise signal (black) was  relatively similar to the measured signal
(grey), both in the time domain and in the frequency domain. In par-
ticular, similar values of potential power spectral density, current
power spectral density and noise impedance were obtained. Only
a small discrepancy in the slope of the potential power spectral
density was revealed, probably due to time-dependent diffusion
effects, neglected in the present model. Additionally, the time evo-
lution of the simulated “true” polarization resistance and of the
noise resistance, calculated by the Welch method for segments of
1024 points and an overlap of 924 points (the method is described in
detail in [20–22]), from the simulated and real data were all in close
agreement. However, it should be pointed out that the selected set
of parameters is not the only one that would allow a satisfactory
ﬁtting of the experimental data to be obtained, but the close agree-
ment indicates that the set of selected parameters is realistic and
can be used as a base to investigate the consequences of electrode
asymmetry.
4.2. Perfectly identical electrodes
The base parameters selected by the previous procedure can be
now used to investigate various cases of perfectly identical elec-
trodes. In Fig. 6a, the data obtained for electrodes having the same
average anodic areas and the same average cathodic area, and each
producing equal amounts of anodic noise and cathodic noise, are
presented. This case is close to ideal symmetry, and the properties
observed are very close to those expected, e.g. a mean current close
to zero and a low value of correlation coefﬁcient between current
and potential. The time evolution of the noise resistance and that of
the “true” polarization resistance are similar, with an average error
of 23% and a maximum error of 130% with respect to the value
of the true polarization resistance. Similar behaviour is observed
for the case of identical electrodes that only produce noise by the
anodic reaction (Fig. 6b). Here, however, it is noted that when
the cathodic reaction is under diffusion control and the noise
is assumed to be all anodic, the value of the “true” polarization
resistance does not ﬂuctuate signiﬁcantly with time, reﬂecting
the fact that the corrosion rate is constant and determined by the
rate at which oxygen reaches the corroding surface. Unlike for
the “true” polarization resistance, relatively large ﬂuctuations are
revealed in the time evolution of the estimated noise resistance,Ec 0.5 V
Aa 8.86E−10 mm2
Ac 50 mm2
Cdl 40 F/cm2
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Fig. 4. Base area ﬂuctuations. Time evolution of the base area ﬂuctuations used for the calculations; (a) 1/F2 noise and (b) square waves.
Table 2
Numerical values describing various type of electrode asymmetry. Parameters used for the ﬁtting of the real noise data (Fig. 5) and the simulation of the noise produced by
symmetric and asymmetric electrodes (Figs. 6–9). In all simulations, Aa,1 + Aa,2 = 8.49 × 10−13 cm2 and Ac,1 + Ac,2 = 4.2 × 10−1 cm2.
Title Figure na,1 nc,1 na,2 nc,1 Aa,1/Aa,2 Ac,1/Ac,2 Noise type
Fig.  5 – Real data 5 0.45 0.45 0.45 0.45 0.5 0.5 1/F2
Fig. 6 – Identical electrodes 6a 0.45 0.45 0.45 0.45 0.5 0.5 1/F2
6b 0.45 0 0.45 0 0.5 0.5 1/F2
6c 0.45 0.45 0.45 0.45 0.5 0.5 Square
6d 0.45 0 0.45 0 0.5 0.5 Square
Fig.  7 – Asymmetric electrodes 7a 0.45 0.45 0.45 0.45 0.95 0.5 1/F2
Different averages 7b 0.45 0 0.45 0 0.95 0.5 1/F2
7c 0.45 0 0.45 0 0.95 0.95 1/F2
Fig. 8 – Asymmetric electrodes 8a 0.45 0 0 0 0.5 0.5 1/F2
Different noise levels 8b 0.45 0.45 0 0 0.5 0.5 1/F2
8c 0 0.45 0 0 0.5 0.5 1/F2
Fig. 9 – Asymmetric electrodes 9a 0.45 0 0 0 0.95 0.5 1/F2
Different average and noise levels 9b 0.45 0 0 0 0.05 0.5 1/F2
9c 0.45 0 0 0 0.5 0.95 1/F2
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Fig. 5. Comparison between real and simulated data. Potential and current noises and resulting power spectral densities, noise impedance and time evolution of the noise
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wesistance for real (grey) and simulated (black) data obtained by using the paramet
ifferent frequency and duty cycle. This is a particularly severe
est for the statistical analysis and it is an unrealistic case, because
here is a well-deﬁned phase relationship between the ﬂuctuations
n the anodic and cathodic areas. However, also in this case, the
ime evolution of the estimated noise resistance falls between the
inimum and the maximum values of the “true” polarization resis-
ance, with a maximum error of 85% and an average error of 22%. It
hould be noted here that large ﬂuctuations in “true” polarization
esistance are observed due to the signiﬁcant ﬂuctuations in the
alue of active cathodic areas that, ultimately, control the corro-
ion rate. Fig. 6d shows a similar case, but here the noise is only
enerated anodically. Also, in this case, the agreement between
oise resistance and polarization resistance is satisfactory.
.3. Electrode asymmetry
Starting from the datasets presented earlier, various types of
lectrode asymmetry can now be considered. Fig. 7a, shows the
ime evolution of the noise resistance and true polarization resis-
ance for a situation where 95% of the average anodic activity is
n electrode 1, and all the electrodes produce the same propor-
ion of noise with respect to their active areas (simulated potential
nd current noises used for the calculations are presented in the
dditional material). In this case, the agreement between the polar-
zation resistance and the estimated noise resistance is acceptable,
ith an average error of 49% and a maximum error of 250%. InTables 1 and 2.
Fig. 7b, the results of a simulation similar to the previous but only
with noise production by the anodic reactions is considered. In
this case, the average current is signiﬁcantly larger than the ampli-
tude of the current ﬂuctuations, and the discrepancy between noise
resistance and true polarization resistance is large. Finally, Fig. 7c
shows a case where the vast majority of both the anodic and the
cathodic reactions take place on one electrode. In this case, it is
evident that the discrepancy between the noise resistance and the
“true” polarization resistance is substantial.
Fig. 8 illustrates the effect of asymmetry in the noise levels for a
symmetrical distribution of average anodic and cathodic activities.
It can be seen that acceptable agreement between the polariza-
tion resistance and the noise resistance is obtained in all cases and,
speciﬁcally (i) when noise is produced only by the anodic reaction
on one electrode (Fig. 8a), (ii) when noise is produced only by the
anodic and cathodic reactions on the same electrode (Fig. 8b) and
(iii) when noise is produced only by the cathodic reaction on one
electrode (Table 3).
The last case to be examined is when there is an asymmetry
both in the average area and in the noise levels. If one electrode
supports on average the large majority of the anodic reaction and
this reaction produces the vast majority of the noise (Fig. 9a), the
average error in the estimation of the polarization resistance is
unacceptable (628%). On the other hand, if the majority of the noise
is generated by the electrode supporting less of the anodic reac-
tion, the difference between the polarization resistance and the
imica 
n
o
c
l
n
5
m
t
r
t
t
n
F
p
bM. Curioni et al. / Electroch
oise resistance is acceptable. A similar acceptable discrepancy is
bserved when the anodic reaction of one electrode is on average
omparable with the other electrode but the cathodic activity is
ocalized on the electrode producing more noise (Fig. 9c) or less
oise (Fig. 9d).
. Discussion
The presented model enables rationalization from a funda-
ental viewpoint of the possible sources of electrode asymmetry
hat might represent an issue in terms of reliability of corrosion
ate estimation by electrochemical noise. It is found that most of
he conditions that generate asymmetry do not, per se, preclude
he reliability of the estimation of corrosion rates by use of the
oise resistance. Thus, the problem is reduced to the discussion
ig. 6. Simulated data. Calculated potential and current noises and resulting time evolu
erfectly identical electrodes; (a and c) noise produced by anodic and cathodic reaction 
ase  area ﬂuctuation of Fig. 4a (1/F2) and reaction (c and d) obtained by using the base arActa 105 (2013) 642– 653 649
of the situations which produce signiﬁcant errors and specu-
lation on whether or not they are likely to occur on practical
systems.
The ﬁrst situation that results in signiﬁcant variation between
noise resistance and polarization resistance is when both anodic
and cathodic areas are localized on one electrode, and the two
anodic reactions are comparably noisy (Fig. 7c). This situation
would be observed, for example, if the size of one electrode
largely exceeds the other electrode. Thus, on the large electrode,
most of the anodic and cathodic reactions occur, and the value
of noise resistance would be signiﬁcantly overestimated. Area
effects, however, can be readily considered by the equivalent
circuit model with appropriate scaling of the results to account for
area differences. For electrodes of nominally identical areas, it is
unlikely that both cathodic and anodic reactions localize severely
tion of ‘true’ polarization resistance (black) and noise resistance (grey) for pair of
(b and d) noise produced only by anodic reaction. (a and b) Obtained by using the
ea ﬂuctuation of Fig. 4b (square).
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n a single electrode. This is due to the nature of the cathodic
eaction that, occurring generally on more noble intermetallic
ompounds exposed to the electrolyte, does not require local oxide
reakdown to take place. Further, considering that the cathodic
eaction is generally accompanied by an increase in pH and that
he equilibrium potentials for oxygen reduction and hydrogen
volution decrease with increasing pH, its localization is intrin-
ically unfavoured, since higher reaction rates result in increased
ocal alkalinisation which, in turn, reduces the thermodynamic
rive for the reaction and, indirectly, reduces the reaction rate.
The second case (Figs. 7b and 9a), where the error appears to
e unacceptable, is when the anodic reaction largely localizes on
ne electrode and, simultaneously, the noise is produced only by
ne or both the anodic reactions. This case is physically possible,nued ).
but it produces a characteristic signature in the potential and cur-
rent time records, and can be easily recognized. Speciﬁcally, it can
be noticed that (i) the average of the current is far from zero, due
to the imbalance in the average anodic areas and (ii) the ﬂuctu-
ations in current are small compared to the average value. Thus,
the ratio between the average current and its standard deviation
can be considered as a parameter for the estimation of the reli-
ability of the estimation of the polarization resistance by using the
value of noise resistance. If such a ratio is high, i.e. 3 or above, there
is a strong possibility that the calculated noise resistance largely
exceeds the polarization resistance. On the other hand, low val-
ues of average over standard deviation ration, are an indication
of agreement between the noise resistance and the polarization
resistance.
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Fig. 7. Effect of electrode asymmetry. Time evolution of noise resistance (grey) and ‘true’ polarization resistance (black) for electrodes where the asymmetry is due to
different average values of anodic or cathodic areas; (a) electrodes where the anodic reaction localizes on one electrode, and the noise is produced by both anodic and
cathodic reactions, (b) electrodes where the anodic reaction localizes on one electrode, and the noise is produced by the anodic reaction only and (c) electrodes where the
anodic and cathodic reactions localize on the same electrode, and the noise is produced by both the anodic and cathodic reactions. The simulated potential and current time
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aecords  used for the calculation are provided in the additional material.
Finally, it should be noted that in this work particularly severe
symmetry in the distribution of average anodic areas (5–95%) and
n the noise levels (all noise produced by some reaction and no noise
rom the others) have been considered. In practical cases, however,
t is likely that the electrode asymmetry is much less severe, and
ig. 8. Effect of electrode asymmetry. Time evolution of noise resistance (grey) and ‘tr
ifferent noise levels; (a) electrodes where the anodic and cathodic reactions are equally d
b)  electrodes where the anodic and cathodic reactions are equally distributed, and the n
c)  electrodes where the anodic and cathodic reactions are equally distributed, and the no
nd  current time records used for the calculation are provided in the additional material.increasing electrode size should be beneﬁcial in minimizing the
errors. Based on these considerations, it can be concluded that the
estimation of the polarization resistance by calculation of the noise
resistance is generally reliable, provided that the ratio between the
current average and standard deviation is low.
ue’ polarization resistance (black) for electrodes where the asymmetry is due to
istributed, and the noise is produced by the anodic reaction on one electrode only,
oise is produced by the anodic and the cathodic reaction on one electrode only and
ise is produced by the cathodic reaction on one electrode. The simulated potential
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Table  3
Summary of the results. Qualitative description of the simulated behaviour relating to the numeric data of Table 2, average and maximum errors, value of the potential–current
correlation coefﬁcient and value of the ratio between current average and standard deviation. The situations that result in unacceptable errors are highlighted in bold and
underlined font.
Figure no. Qualitative description of the simulated behaviours Average % error Max  % error V–I corr. coeff I¯/I
6a Equal distribution of anodic and cathodic reactions, noise produced by both
anodic and cathodic reactions
22 137 0.15 −0.00348
6b Equal distribution of anodic and cathodic reactions, noise produced by anodic
reaction only
6 202 0.15 0.0278
6c Equal distribution of anodic and cathodic reactions, noise produced by anodic
and cathodic reactions, individual transients visible
24 86 – 1.83
6d Equal distribution of anodic and cathodic reactions, noise produced by anodic
reaction only, individual transients visible
36 100 – −0.00714
7a Anodic reaction localizes on one electrode, noise produced by both anodic and
cathodic reactions
49 252 0.23 1.83
7b Anodic reaction localizes on one electrode, noise produced by anodic
reaction only
492 1800 0.73 5.03
7c Anodic and cathodic reactions localizes on the same electrode, noise
produced by both anodic and cathodic reactions (physically unlikely)
492 1800 0.73 −0.235
8a Equal distribution of anodic and cathodic reactions, only the anodic reaction
on one electrode produce noise
−6 99 0.99 −0.214
8b Equal distribution of anodic and cathodic reactions, only anodic and cathodic
reactions on the same electrode produce noise
−15 115 0.97 −0.17
8c Equal distribution of anodic and cathodic reactions, only cathodic reaction on
one electrode produce noise
−10 115 0.99 −0.00093
9a Anodic reaction localizes on one electrode and produces all the noise 657 1308 0.86 5.84
9b Anodic reaction localizes on one electrode, noise produced by the anodic
reaction on the other electrode
−48 100 0.98 −20
9c Cathodic reaction localizes on one electrode all the noise is produced by the
anodic reaction on the other electrode
−6 100 0.99 −3.59
Fig. 9. Effect of electrode asymmetry. Time evolution of noise resistance (grey) and ‘true’ polarization resistance (black) for electrodes where the asymmetry is due to different
average values of anodic or cathodic areas between electrodes and to different noise levels; (a) electrodes where the anodic reaction localizes on one electrode and produce
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cll  the noise, (b) electrodes where the anodic reaction localizes on one electrode an
here  the cathodic reaction localizes on one electrode and the noise is produced by
sed  for the calculation are provided in the additional material.
. Conclusions
A model accounting for electrochemical noise generation from
rst principles has been presented. The model assumes that the
lectrochemical noise signal is generated by ﬂuctuations in the
xtension of active anodic and cathodic areas during corrosion.
uch ﬂuctuations, combined with the fundamental anodic and
athodic kinetics, determine the time evolution of the corrosion noise is produced by the anodic reaction on the other electrode and (c) electrodes
nodic reaction on the other electrode. Simulated potential and current time record
potential and of the coupling current. Based on these assumptions,
a numerical model has been developed, enabling calculation of the
potential and current noises and polarization resistance as a func-
tion of the time evolution of the anodic and cathodic areas. The
procedure of electrochemical noise analysis is then simulated by
calculating the noise resistance, obtained by taking the square root
of the potential variance divided by the current variance, and this
value is compared with the actual value of polarization resistance. It
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s found that, in most cases, even severe electrode asymmetry does
ot introduce an unacceptable difference between the polarization
esistance and the noise resistance, suggesting that electrochemical
oise analysis is generally reliable for the estimation of the polar-
zation resistance. In the cases where a large discrepancy between
olarization resistance and noise resistance are observed, the ratio
etween current average and standard deviation is high.
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